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(54) CLASS D POWER AMPLIFIER

(57) A power amplifier includes a class D amplifica-
tion section and aload current feedback circuit. The class
D amplification section includes an input section and a
switching section serving as an output stage and
switched depending on a signal input to the input section,

FIG.1

and outputs current from a power source to a load via
the switching section. The load current feedback circuit
negatively feeds back the current flowing in the load to
the input section of the class D amplification section.
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Description

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The presentinvention relates to a power ampli-
fier, more particularly, to a power amplifier suitable as a
guitar amplifier.

2. Description of the Related Art

[0002] Inrecentyears, power amplifiers, such as class
D amplifiers, utilizing semiconductor devices have been
widespread as audio power amplifiers. For example, in
a class D amplifier, the output-stage transistor thereof is
turned ON/OFF by a PWM pulse train having been pulse-
width modulated on the basis of an input audio signal
AIN, and the current from a power source is supplied to
a speaker via this output-stage transistor. Since the out-
put impedance of this class D amplifier is very low and
consequently the loss of the output-stage transistor is
very small, the amplifier can efficiently supply electric
power to the speaker. More specifically, the output im-
pedance of the class D amplifier is nearly 0 Q while the
internal impedance of the speaker is approximately 8 to
16 Q. Furthermore, usually in the class D amplifier, the
voltage applied to the speaker is negatively fed back to
the input section, and the gain of the class D amplifier is
controlled depending on the difference between the input
audio signal and the negative feedback signal thereof.
Hence, the class D amplifier can perform constant volt-
age drive in which the voltage corresponding to the input
audio signal is supplied to the speaker. For example,
W02003/090343 is available as a prior art document re-
lating to the class D amplifier.

[0003] Even in the present day in which such power
amplifiers utilizing semiconductor devices as those de-
scribed above have been widespread, many vacuum
tube amplifiers are still used as guitar amplifiers for am-
plifying the output signals of electric guitars. This is be-
cause such vacuum tube amplifiers can emit sound with
quality preferred by performers at a large volume from a
speaker in comparison with the power amplifiers utilizing
semiconductor devices. The following points are taken
into consideration as the reasons for this.

[0004] FIG. 10 is a graph illustrating the frequency
characteristics of the impedance of a full-range speaker.
This speaker generally has a resonance frequency (f0)
at a frequency of approximately 80 to 100 Hz, and the
impedance of the speaker becomes high at this reso-
nance frequency (f0). Furthermore, since the frequency
band near the resonance frequency (f0) corresponds to
the pitches generated from the fifth and sixth strings of
an electric guitar, the frequency band is an important fre-
quency band affecting the sound quality of the electric
guitar.

[0005] In the case of a power amplifier in which the
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output voltage is negatively fed back, such as a class D
amplifier, that is, in the case of a power amplifier for driv-
ing a speaker at a constant voltage, the speaker is driven
at a voltage corresponding to an input audio signal with-
out being affected by the frequency characteristics of the
impedance of the speaker. Hence, as shownin FIG. 11A,
since the speaker is driven at a constant voltage even in
the frequency band near the resonance frequency (f0) in
which the impedance of the speaker is high, the vibration
amplitude of the speaker is constant and the amplitude
of the sound to be emitted from the speaker is also main-
tained constant.

[0006] Onthe other hand, in the case of a vacuum tube
amplifier, a pentode is generally used as an amplifying
device for output, and this pentode has a characteristic
of high outputimpedance. Furthermore, in avacuum tube
amplifier using the pentode with the high output imped-
ance, the speaker is driven by a constant current corre-
sponding to the input signal supplied to the grid of the
vacuum tube, regardless of fluctuations in the impedance
of the speaker. Hence, in the frequency band near the
resonance frequency (f0) at which the impedance of the
speaker becomes high, the voltage of the vacuum tube
amplifier for driving the speaker increases as shown in
FIG. 11B, whereby the vibration amplitude of the speaker
increases and the amplitude of the sound to be emitted
from the speaker also increases. As a result, the sound
generated from the fifth and sixth strings of the electric
guitar has powerful and characteristic sound quality and
is persistently favored by performers. For example, in the
casethatthe speakeris driven by a vacuum tube amplifier
with a maximum output of 100 W, a peak voltage close
to 90 V is applied to the speaker in the frequency band
near the resonance frequency (f0), whereby powerful
sound can be emitted at a large volume.

[0007] For example, in order that a speaker is driven
by a class D amplifier and that a sufficient load current
is supplied to the speaker in the frequency band near the
resonance frequency (f0), it is necessary to use a high
output class D amplifier having a high power source volt-
age at its output stage. However, in the case that the
speaker is driven by such a high output class D amplifier,
constant voltage drive is performed even in a frequency
band in which the impedance of the speaker is low,
whereby excessive current flows in the speaker and the
speaker may be broken.

[0008] As described above, such a vacuum tube am-
plifier has excellent advantages as a guitar amplifier.
However, the vacuum tube amplifier is large in size and
heavy in weight, thereby being inconvenient in handling.
Furthermore, a pentode having high output impedance
is used as the output stage in the vacuum tube amplifier,
thelossinthe output stage is large, and there is a problem
of being unable to efficiently drive a load (speaker).

SUMMARY OF THE INVENTION

[0009] The present invention has been made in con-
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sideration of the above-mentioned circumstances, and
an object of the present invention is to provide a power
amplifier capable of supplying a sufficient load current to
a load (speaker to be driven) throughout the entire fre-
quency band while making use of the advantage of a
class D amplifier in which the loss in the output stage
thereof is small.

[0010] The presentinvention provides a power ampli-
fier: comprising:

a class D amplification section that includes an input
section and a switching section serving as an output
stage and switched depending on a signal input to
the input section, and that outputs current from a
power source to a load via the switching section; and
a load current feedback circuit that negatively feeds
back the current flowing in the load to the input sec-
tion of the class D amplification section.

[0011] With the present invention, since the class D
amplification section is used, a loss of the output stage
of the power amplifier can be decreased. Furthermore,
since the current flowing in the load is negatively fed back
to the input section of the class D amplification section,
a constant drive current can be supplied to the load re-
gardless of the frequency of a current for driving the load.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]

FIG. 1 is a circuit diagram showing a configuration
of a power amplifier according to a first embodiment
of the present invention.

FIG. 2 is a circuit diagram showing a configuration
of a power amplifier according to a second embod-
iment of the present invention.

FIG. 3 is a circuit diagram showing a configuration
of a power amplifier according to a third embodiment
of the present invention.

FIG. 4 is a circuit diagram showing a configuration
of a power amplifier according to a fourth embodi-
ment of the present invention.

FIG. 5 is a circuit diagram showing a configuration
of a power amplifier according to a fifth embodiment
of the present invention.

FIG. 6 is a circuit diagram showing a configuration
of a power amplifier according to a sixth embodiment
of the present invention.

FIG. 7 is a circuit diagram showing a configuration
of a power amplifier according to a seventh embod-
iment of the present invention.

FIG. 8 is a graph illustrating the frequency charac-
teristics of the output impedance of the class D am-
plification section according to the seventh embod-
iment.

FIG. 9 is a circuit diagram showing a configuration
of a power amplifier according to an eighth embod-
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iment of the present invention.

FIG. 10 is a graph illustrating the frequency charac-
teristics of the impedance of the full-range speaker,
and

FIGS. 11A and 11B are graphs illustrating the fre-
quency characteristics of the output voltages of the
class D amplifier and the vacuum tube amplifier.

DETAILED DESCRIPTION OF THE EXEMPLARY EM-
BODIMENTS

[0013] Embodiments according to the present inven-
tion will be described below referring to the drawings.

<First embodiment>

[0014] FIG. 1 is a circuit diagram showing a configu-
ration of a power amplifier 1 according to a first embod-
iment of the present invention. In FIG. 1, a speaker SP
serving as the load of the power amplifier 1 is also shown
to facilitate understanding of the configuration of the pow-
er amplifier 1.

[0015] As shown in FIG. 1, the power amplifier 1 has
a class D amplification section 100. This class D ampli-
fication section 100 has an operational amplifier (or a
comparator) 110, an output stage 120, a filter 130, and
a feedback resistor 140.

[0016] The operational amplifier 110 is a circuit serving
as an input section for the input signal of the class D
amplification section 100. An audio signal AIN is input to
the non-inverting input terminal of the operational ampli-
fier 110 via an input terminal 111. The power amplifier 1
according to this embodiment is, for example, used as
an electric guitar amplifier. In this case, the output signal
of an electric guitar is input to the non-inverting input ter-
minal of the operational amplifier 110 as the audio signal
AIN.

[0017] The output stage 120 has a transistor 121 serv-
ing as a switching device and inserted between a positive
power source +B and the output terminal 123 of the output
stage 120 and a transistor 122 serving as a switching
device and inserted between a negative power source
-B and the output terminal 123 of the output stage 120.
For example, each of the transistors 121 and 122 is a
MOS FET (Metal Oxide Semiconductor Field Effect Tran-
sistor). In the output stage 120, depending on the output
signal of the operational amplifier 110, the transistor 121
is turned ON and the transistor 122 is turned OFF, where-
by the positive power source +B is connected to the out-
put terminal 123, or transistor 121 is turned OFF and the
transistor 122 is turned ON, whereby the negative power
source -Bis connected to the outputterminal 123. Hence,
the waveform of the output signal of the output stage 120
becomes a rectangular wave.

[0018] The filter 130 is a low-pass filter for eliminating
high-frequency components higher than those of the au-
dio frequency band from the output signal of the output
stage 120 and for supplying the remaining frequency
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components of the audio frequency band to the speaker
SP. The filter 130 has an inductor 131 and a capacitor
132. The inductor 131 is inserted between the output
terminal 123 of the output stage 120 and one terminal of
the speaker SP. Furthermore, one terminal of the capac-
itor 132 is connected to the node 133 between the induc-
tor 131 and the speaker SP, and the other terminal there-
of is grounded via the current detection resistor 310 of a
filter current feedback circuit 300. In other words, the ca-
pacitor 132 is connected in parallel with the speaker SP
serving as a load. The filter current feedback circuit 300
will be described later.

[0019] The feedback resistor 140 is inserted between
the inverting input terminal of the operational amplifier
110 and the node 133 between the inductor 131 and the
speaker SP. The feedback resistor 140 constitutes a self-
oscillating feedback loop for making the class D amplifi-
cation section 100 perform self-oscillation by feeding
back the output voltage for the speaker SP to the oper-
ational amplifier 110 serving as the input section of the
class D amplification section 100. While oscillating at a
predetermined self-oscillation frequency, the class D am-
plification section 100 outputs a PWM pulse train having
been pulse-width modulated on the basis of the input
audio signal AIN from the output stage 120. The filter 130
plays a role of eliminating high-frequency components
higher than the self-oscillation frequency from the PWM
pulse train and supplying the remaining frequency com-
ponents to the speaker SP. The above is the configura-
tion of the class D amplification section 100.

[0020] In the power amplifier 1 according to this em-
bodiment, a load current feedback circuit 200 and the
filter current feedback circuit 300 are connected to the
class D amplification section 100.

[0021] Theload current feedback circuit 200 is a circuit
for negatively feeding back the load current flowing in the
speaker SP serving as the load of the class D amplifica-
tion section 100 to the operational amplifier 110 serving
as the input section. The load current feedback circuit
200 has a current detection resistor 210, an amplification
section 220, and a connection section 230.

[0022] The current detection resistor 210 is connected
between agrounding wire and the terminal of the speaker
SP on the opposite side of the node 133. The amplifica-
tion section 220 is composed of an operational amplifier
221 and resistors 222 and 223. The inverting input ter-
minal of the operational amplifier 221 is grounded via the
resistor 222 and is connected to the output terminal of
the operational amplifier 221 via the resistor 223. Fur-
thermore, the voltage across both the terminals of the
current detection resistor 210 is applied to the non-in-
verting input terminal of the operational amplifier 221.
Hence, inthe case that the resistance value of the resistor
222 is Ra and that resistance value of the resistor 223 is
Rb, the voltage across both the terminals of the current
detection resistor 210 is amplified by the gain of (Ra +
Rb)/Ra and then output. Since the voltage across both
the terminals of the current detection resistor 210 is am-
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plified to a sufficiently high voltage by the amplification
section 220 in this embodiment, the resistance value of
the current detection resistor 210 can be made small.
The connection section 230 is composed of a resistor
231 and a capacitor 232 inserted in series between the
output terminal of the amplification section 220 and the
inverting input terminal of the operational amplifier 110.
The connection section 230 plays a role of adjusting the
frequency characteristics of the feedback amount of the
negative feedback performed via the load current feed-
back circuit 200.

[0023] Thefilter currentfeedback circuit 300 is a circuit
for negatively feeding back the current flowing in the ca-
pacitor 132 of the filter 130 to the operational amplifier
110 serving as the input section of the class D amplifica-
tion section 100 and is composed of the above-men-
tioned current detection resistor 310 and a connection
section 320. The connection section 320 is herein com-
posed of a resistor 321 and a capacitor 322 inserted in
series between the inverting input terminal of the opera-
tional amplifier 110 and the connection node between
the current detection resistor 310 and the capacitor 132.
The connection section 320 plays a role of adjusting the
frequency characteristics of the feedback amount of the
negative feedback performed via the filter current feed-
back circuit 300.

[0024] The above is the configuration of the power am-
plifier 1 according to this embodiment.

[0025] Next, the operation of this embodiment will be
described. In the class D amplification section 100, phase
rotation is applied to the output signal of the output stage
120 via the filter 130 and the feedback resistor 140, and
the output signal is fed back to the operational amplifier
110 serving as the input section. Hence, the class D am-
plification section 100 performs self-oscillation. The class
D amplification section 100 is designed so that its self-
oscillation frequency is sufficiently higher than the fre-
quency band of the input audio signal AIN.

[0026] The waveform of the output signal of the output
stage 120 is a rectangular wave, and the first-order inte-
gration of this rectangular wave is performed by the ca-
pacitor 132 in the filter 130, whereby the waveform of the
signal at the node 133 becomes a triangular wave. In the
operational amplifier 110, the triangular wave at the node
133 fed back via the feedback resistor 140 is compared
with the input audio signal AIN. As a result, the PWM
pulse train having been pulse-width modulated on the
basis of the input audio signal AIN is output from the
operational amplifier 110, and the PWM pulse train is
then output to the filter 130 via the output stage 120. The
PWM pulse train passes through the filter 130, whereby
the high-frequency components thereof are eliminated,
and the PWM pulse train is then supplied to the speaker
SP.

[0027] More specifically, in the case that the voltage
value of the input audio signal AIN is 0V, the PWM pulse
train having a duty ratio of 50% is output from the output
stage 120, and the voltage to be applied to the speaker
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SP becomes 0 V. Furthermore, when the voltage value
of the input audio signal AIN changes from 0 V in the
positive direction, the duty ratio of the PWM pulse train
to be output from the output stage 120 changes from 50%
to the maximum, 100%, whereby the voltage to be ap-
plied to the speaker SP changes from 0 V to the maxi-
mum, +B. On the other hand, when the voltage value of
the input audio signal AIN changes from 0 V in the neg-
ative direction, the duty ratio of the PWM pulse train to
be output from the output stage 120 changes from 50%
to the minimum, 0%, whereby the voltage to be applied
to the speaker SP changes from 0 V to the minimum, -B.
In this way, a signal having a waveform similar to that of
the input audio signal AIN is applied to the speaker SP.
[0028] While the amplification operation by the above-
mentioned class D amplification section 100 is per-
formed, the load current feedback circuit 200 negatively
feeds back the load current flowing in the speaker SP to
the operational amplifier 110 serving as the input section
of the class D ampilification section 100, and the filter
current feedback circuit 300 negatively feeds back the
current flowing in the filter 130 to the operational amplifier
110. As aresult, the following advantages are obtained.
[0029] As shown in FIG. 10, the impedance of the
speaker SP changes depending on the drive frequency
of the speaker SP. When the impedance of the speaker
SP increases due to the change in the drive frequency
of the speaker SP and the load current flowing in the
speaker SP decreases, the feedback signal to be fed to
the input section of the class D amplification section 100
via the load current feedback circuit 200 decreases and
the output signal of the class D amplification section 100
increases. As a result, the effective voltage to be applied
from the class D amplification section 100 to the speaker
SP increases, whereby the load current flowing in the
speaker SP increases. On the other hand, when the im-
pedance of the speaker SP decreases due to the change
in the drive frequency of the speaker SP and the load
currentflowinginthe speaker SP increases, the feedback
signal to be fed to the input section of the class D ampli-
fication section 100 via the load current feedback circuit
200 increases and the output signal of the class D am-
plification section 100 decreases. As a result, the effec-
tive voltage to be applied from the class D amplification
section 100 to the speaker SP decreases, whereby the
load current flowing in the speaker SP decreases. As a
result of this feedback control, the load current flowing in
the speaker SP becomes constantregardless of the drive
frequency of the speaker SP.

[0030] As described above, in this embodiment, the
output impedance of the class D amplification section
100 can be increased effectively and the load current to
be passed through the speaker SP from the class D am-
plification section 100 can be made constant by nega-
tively feeding back the load current flowing in the speaker
SP to the input section of the class D amplification section
100. Hence, in the frequency band near the frequency
fO = 80 to 100 Hz in which the impedance of the speaker
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SP increases, a sufficient load current can be passed
through the speaker SP and sound emission at a large
volume can be realized. In addition, since the control for
keeping the load current to be passed through the speak-
er SP constant is performed regardless of the drive fre-
quency of the speaker SP in this embodiment, it is pos-
sible to prevent excessively large current from flowing in
the speaker SP in the frequency bands other than the
frequency band near the frequency fO = 80 to 100 Hz,
whereby the speaker SP can be prevented from being
broken. As described above, with this embodiment,
sound reproduction with high quality at a large volume
that can be realized by using only a vacuum tube amplifier
can be realized by using the power amplifier 1 utilizing
semiconductor devices.

[0031] Furthermore, with this embodiment, an advan-
tage capable of preventing the decrease in the self-os-
cillation frequency of the class D amplification section
100 can be obtained. This advantage will be described
in detail as follows. First, in such a self-oscillating ampli-
fier as the class D amplification section 100, its self-os-
cillation frequency is required to be adjusted to a frequen-
cy (for example, 200 to 500 kHz) higher than the audio
frequency band (20 kHz or less) by adjusting its open
loop gain characteristics and phase characteristics. How-
ever, since the main feedback route in this embodiment
is the load current feedback circuit 200, and the contri-
bution rate of the voltage feedback in the feedback route
is small. Hence, the impedance at the output node 133
of the filter 130 serving as the point of the voltage feed-
back becomes low, and the open-loop gain characteris-
tics serving as one element affecting the self-oscillation
frequency are degraded. As a result, the self-oscillation
frequency becomes a frequency (for example, 30 to 50
kHz) lower than the intended self-oscillation frequency
(for example, 200 to 500 kHz) if no measures are taken.
Hence, in this embodiment, the filter current feedback
circuit 300 is provided in addition to the load current feed-
back circuit 200.

[0032] In the filter 130, the current flowing into the ca-
pacitor 132 connected in parallel with the speaker SP
serving as a load is generated by the high-frequency
components that are higher than the LC resonance fre-
quency of the filter 130 in the PWM pulses to be output
from the output stage 120. The high-frequency open-loop
gain characteristics having been degraded can be raised
by feeding back the current flowing in the capacitor 132
of the filter 130, whereby the self-oscillation frequency of
the class D amplification section 100 can be adjusted to
a self-oscillation frequency equivalent to the convention-
al self-oscillation frequency that is not provided with the
load current feedback circuit 200.

[0033] Moreover, since the power amplifier 1 accord-
ing to this embodiment is composed of semiconductor
devices, unlike the vacuum tube amplifier, the power am-
plifier 1 is compact in size, light in weight and convenient
in handling. Still further, since the power amplifier 1 ac-
cording to this embodiment uses the class D amplification
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section 100 being characterized in that the loss in the
output stage 120 thereof is low, unlike the vacuum tube
amplifier, the power amplifier 1 can drive the speaker SP
at high efficiency.

<Second embodiment>

[0034] FIG. 2 is a circuit diagram showing a configu-
ration of a power amplifier 1A according to a second em-
bodiment of the presentinvention. In FIG. 2, components
corresponding to those according to the above-men-
tioned first embodiment (FIG. 1) are designated by com-
mon numerals and their descriptions are omitted.
[0035] In the power amplifier 1A according to this em-
bodiment, theload current feedback circuit200 according
to the above-mentioned firstembodimentis replaced with
a load current feedback circuit 200A having no amplifi-
cation section 220. In the case that a sufficiently high
voltage is generated across both the terminals of the cur-
rent detection resistor 210, the amplification section 220
(FIG. 1) can be omitted and the configuration of the circuit
can be simplified as in this embodiment.

[0036] Advantages similar to those obtained in the
above-mentioned first embodiment can also be obtained
in this embodiment.

<Third embodiment>

[0037] FIG. 3 is a circuit diagram showing a configu-
ration of a power amplifier 1B according to a third em-
bodiment of the presentinvention. In FIG. 3, components
corresponding to those according to the above-men-
tioned first embodiment (FIG. 1) are designated by com-
mon numerals and their descriptions are omitted.
[0038] The power amplifier 1B according to this em-
bodiment does not have the filter current feedback circuit
300 according to the above-mentioned first embodiment.
Since the power amplifier does not have the filter current
feedback circuit 300, the terminal of the capacitor 132 in
the filter 130 on the opposite side of the node 133 is
grounded directly. Furthermore, the resistor 321 and the
capacitor 322 included in the filter current feedback circuit
300 in the above-mentioned first embodiment are insert-
ed in series between the non-inverting input terminal of
the operational amplifier 110 and the grounding wire. The
reason why the resistor 321 and the capacitor 322 are
not eliminated but leftto be used is to make the frequency
characteristics of the load current feedback circuit 200
identical to those in the above-mentioned first embodi-
ment.

[0039] Since the filter current feedback circuit 300 is
not provided in this embodiment, the signal of the voltage
feedback route via the feedback resistor 140 is required
to be made larger than the signal in the route of the load
current feedback circuit 200 in order to set the self-oscil-
lation frequency to a high frequency. In this case, the
output impedance of the amplifier is higher than that of
an ordinary class D amplifier, although the output imped-
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ance is not as high as the output impedance in the first
embodiment but keeps a certain degree of outputimped-
ance (for example, a dozen or so ohms), thereby being
advantageous in that the circuit configuration is made
simpler than that of the first embodiment. Also in this
embodiment, the amplification section 220 may be omit-
ted as in the above-mentioned second embodiment.

<Fourth embodiment>

[0040] FIG. 4 is a circuit diagram showing a configu-
ration of a power amplifier 1C according to a fourth em-
bodiment of the present invention. In FIG. 4, components
corresponding to those according to the above-men-
tioned first embodiment (FIG. 1) are designated by com-
mon numerals and their descriptions are omitted.
[0041] In the power amplifier 1C according to this em-
bodiment, the self-oscillating class D amplification sec-
tion 100 in the above-mentioned first embodiment is re-
placed with a separately-excited oscillating class D am-
plification section 100C. In this class D amplification sec-
tion 100C, the operational amplifier 110 in the class D
amplification section 100 according to the above-men-
tioned first embodiment is replaced with an error integra-
tor 150 and a comparator 160.

[0042] The error integrator 150 is composed of an op-
erational amplifier 151 and an integration capacitor 152
inserted between the output terminal and the inverting
input terminal of this operational amplifier 151. The input
audio signal AIN is applied from the input terminal 111
to the non-inverting input terminal of the operational am-
plifier 151. Furthermore, to the inverting input terminal of
the operational amplifier 151, the output voltage is fed
back from the speaker SP via the feedback resistor 140,
the load current flowing in the speaker SP is fed back via
the load current feedback circuit 200, and the current
flowing in the filter 130 is fed back via the filter current
feedback circuit 300. The error integrator 150 integrates
the error between the input audio signal AIN and the feed-
back signal to be fed back via each of the feedback cir-
cuits and outputs an integration value signal.

[0043] Totheinvertinginputterminal of the comparator
160, a periodic carrier signal having a frequency suffi-
ciently higher than the frequency band of the input audio
signal AIN is applied from a carrier signal generation cir-
cuit, not shown. Although this carrier signal is a triangular
wave signal in the example shown in the figure, a saw-
tooth wave signal may also be used as the carrier signal.
The comparator 160 compares the carrier signal with the
integration value signal output from the error integrator
150 and outputs a PWM pulse train having been pulse-
width modulated on the basis of the integration value
signal to the output stage 120. The functions of the output
stage 120 and the filter 130 are similar to those described
in the above-mentioned first embodiment.

[0044] Advantages similar to those obtained in the
above-mentioned first embodiment can also be obtained
in this embodiment. Unlike the above-mentioned firstem-
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bodiment, in this embodiment, it is necessary to securely
obtain a phase margin at a unity gain frequency in which
the loop gain of the class D amplification section 100C
becomes 0 dB and to prevent the class D amplification
section 100C from performing self-oscillation in the high-
frequency band. Hence, in this embodiment, it is neces-
sary to raise the open-loop gain characteristics in the
high-frequency band as in the case of the conventional
voltage feedback type class D amplifier that is not pro-
vided with the load current feedback circuit 200. In this
embodiment, since the current flowing in the capacitor
132 of the filter 130 is negatively fed back by the filter
current feedback circuit 300, the open-loop gain charac-
teristics of the class D amplification section 100C in the
high-frequency band are raised, the phase margin at the
unity gain frequency is obtained securely, whereby sta-
bility can be enhanced and free-running oscillation can
be prevented.

<Fifth embodiment>

[0045] FIG. 5 is a circuit diagram showing a configu-
ration of a power amplifier 1 D according to a fifth em-
bodiment of the presentinvention. In FIG. 5, components
corresponding to those according to the above-men-
tioned first embodiment (FIG. 1) are designated by com-
mon numerals and their descriptions are omitted.
[0046] Inthis poweramplifier 1D, the load currentfeed-
back circuit 200 according to the above-mentioned first
embodiment is replaced with a load current feedback cir-
cuit 200D. This load current feedback circuit 200D has a
configuration in which the current detection resistor 210
is omitted from the load current feedback circuit 200, and
instead of the resistor, a Hall element 240 is inserted
between the node 133 of the filter 130 and the speaker
SP. Since the purpose of inserting the Hall element 240
between the node 133 of the filter 130 and the speaker
SP is to monitor the current flowing in the speaker SP,
the Hall element 240 may be inserted between the speak-
er and the ground.

[0047] The Hall element 240 detects the magnetic field
that is generated when current flows through the signal
wire connecting the node 133 of the filter 130 to the
speaker SP and outputs the voltage corresponding to the
intensity of the magnetic field. The amplification section
220 and the connection section 230 feed back the output
voltage of the Hall element 240, that is, the voltage cor-
responding to the load current flowing in the speaker SP,
to the operational amplifier 110 serving as the input sec-
tion of the class D amplification section 100.

[0048] As a result, advantages similar to those ob-
tained in the above-mentioned first embodiment can also
be obtained in this embodiment. Furthermore, since the
current detection resistor 210 according to the above-
mentioned first embodiment is not necessary in this em-
bodiment, the power to be supplied to the speaker SP
can be raised by the amount of the power consumed by
the resistor.
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[0049] Although the Hall element is provided as a de-
tector for detecting the load current flowing in the speaker
SP in this embodiment, in addition to the Hall element, a
Hall element may also be used as a detector for detecting
the current flowing in the filter 130. For example, it may
be possible that the current detection resistor 310 shown
in FIG. 5 is omitted, that a Hall element is inserted at an
arbitrary position in the route of the current flowing in the
capacitor 132, and that the output voltage of this Hall
element is supplied to the connection section 320.

<Sixth embodiment>

[0050] FIG. 6 is a circuit diagram showing a configu-
ration of a power amplifier 1 E according to a sixth em-
bodiment of the present invention. In FIG. 6, components
corresponding to those according to the above-men-
tioned first embodiment (FIG. 1) are designated by com-
mon numerals and their descriptions are omitted.
[0051] Inthis poweramplifier 1E, the load current feed-
back circuit 200 according to the above-mentioned first
embodiment is replaced with a load current feedback cir-
cuit 200E. This load current feedback circuit 200E has a
configuration in which the current detection resistor 210
is omitted from the load current feedback circuit 200, and
instead of the resistor, a current detection resistor 250 is
inserted between the node 133 of the filter 130 and the
speaker SP, and furthermore, the amplification section
220 of the load current feedback circuit 200 is replaced
with an amplification section 260. Since the current de-
tectionresistor 210 is omitted, the terminal of the speaker
SP on the opposite side of the resistor 250 is grounded
directly.

[0052] The amplification section 260 is composed of
an operational amplifier 261 and resistors 262 to 265.
The non-inverting input terminal of the operational am-
plifier 261 is connected to the terminal of the current de-
tection resistor 250 on the side of the filter 130 via the
resistor 262 and is grounded via the resistor 263. Fur-
thermore, the inverting input terminal of the operational
amplifier 261 is connected to the terminal of the current
detection resistor 250 on the side of the speaker SP via
the resistor 264 and is also connected to the output ter-
minal of the operational amplifier 261 via the resistor 265.
The amplification section 260 outputs a voltage propor-
tional to the voltage across both the terminals of the cur-
rent detection resistor 250. Moreover, the output voltage
of the amplification section 260, that is, the voltage cor-
responding to the load current flowing in the speaker SP,
is fed back to the operational amplifier 110 serving as
the input section of the class D amplification section 100
via the connection section 320.

[0053] Advantages similar to those obtained in the
above-mentioned first embodiment can also be obtained
in this embodiment.
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<Seventh embodiment>

[0054] FIG. 7 is a circuit diagram showing a configu-
ration of a power amplifier 1 F according to a seventh
embodiment of the present invention. In FIG. 7, compo-
nents corresponding to those according to the above-
mentioned first embodiment (FIG. 1) are designated by
common numerals and their descriptions are omitted.
[0055] In this power amplifier 1F, the load current feed-
back circuit 200 according to the above-mentioned first
embodiment is replaced with a load current feedback cir-
cuit 200F. Furthermore, in this load current feedback cir-
cuit 200F, the connection section 230 in the load current
feedback circuit 200 is replaced with a connection section
230F in which variable elements capable of adjusting
electric characteristics, more specifically, a variable re-
sistor 231 F capable of adjusting a resistance value and
a variable capacitor 232F capable of adjusting a capac-
itance value, are connected in series. Moreover, in the
power amplifier 1 F, a variable capacitor 400 inserted
between the inverting input terminal of the operational
amplifier 110 and the grounding wire is added.

[0056] This embodimentisintended to realize acoustic
reproduction similar to that obtained using a vacuum tube
amplifier for driving a speaker via a transformer. FIG. 8
is a graph illustrating the frequency characteristics of the
output impedance in the entire system of the vacuum
tube amplifier and the transformer. As shown in FIG. 8,
the output impedance of the vacuum tube amplifier for
driving the speaker via the transformer (the output im-
pedance in the entire system of the transformer and the
vacuum tube amplifier as viewed from the speaker) de-
creases due to the inductance component of the trans-
former in the low frequency band and also decreases
due to the capacitance component of the transformer in
the high frequency band. In the middle frequency band
between the low and high frequency bands, the value of
the output impedance in the entire system of the trans-
former and the vacuum tube amplifier is maintained high.
[0057] In this embodiment, the variable resistor 231 F
and the variable capacitors 232F and 400 play a role of
easily bringing the frequency characteristics of the output
impedance of the class D amplification section 100 close
to the frequency characteristics of the outputimpedance
in the entire system of the transformer and the vacuum
tube amplifier.

[0058] More specifically, in this embodiment, when the
capacitance value of the variable capacitor 232F is in-
creased, the lower limit frequency of the frequency band
in which the negative feedback amount via the load cur-
rent feedback circuit 200F becomes a predetermined
amount or more (that is, the middle frequency band in
which the output impedance of the class D amplification
section 100 becomes high) becomes low. Hence, the
boundary frequency between the middle frequency band
and the low frequency band can be adjusted by increas-
ing and decreasing the capacitance value of the variable
capacitor 232F.
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[0059] Inaddition, the adjustment of the negative feed-
back amount via the load current feedback circuit 200F
in the middle frequency band can be performed by in-
creasing and decreasing the resistance value of the var-
iable resistor 231 F. The output impedance of the class
D amplification section 100 in the middle frequency band
can be adjusted by increasing and decreasing the resist-
ance value of the variable resistor 231 F.

[0060] Furthermore, when the capacitance value ofthe
variable capacitor 400 is increased, the upper limit fre-
quency of the middle frequency band in which the neg-
ative feedback amount via the load current feedback cir-
cuit 200F and the filter current feedback circuit 300 be-
comes a predetermined amount or more becomes low.
Hence, the boundary frequency between the middle fre-
quency band and the high frequency band can be ad-
justed by increasing and decreasing the capacitance val-
ue of the variable capacitor 400.

[0061] With this embodiment described above, in ad-
dition to the advantages obtained in the above-men-
tioned first embodiment, an advantage is obtained in
which the frequency characteristics of the output imped-
ance of the class D amplification section 100 can be eas-
ily brought close to the frequency characteristics of the
output impedance in the entire system of the transformer
and the vacuum tube amplifier.

[0062] The frequency characteristics of the output im-
pedance of the vacuum tube amplifier including the trans-
former become different depending on the characteris-
tics of the vacuum tube to be used for the vacuum tube
amplifier. Hence, power amplifiers having frequency
characteristics simulating the frequency characteristics
of the output impedances of various kinds of vacuum
tube amplifiers composed of different vacuum tubes may
also be realized by adjusting the variable resistor 231 F
and the variable capacitors 232F and 400.

<Eighth embodiment>

[0063] FIG. 9 is a circuit diagram showing a configu-
ration of a power amplifier 1G according to an eighth
embodiment of the present invention. In FIG. 9, compo-
nents corresponding to those according to the above-
mentioned first embodiment (FIG. 1) are designated by
common numerals and their descriptions are omitted.
[0064] In this power amplifier 1G, the class D amplifi-
cation section 100G thereof has a configuration in which
the feedback resistor 140 is omitted from the class D
amplification section 100 according to the above-men-
tioned first embodiment. Furthermore, in this embodi-
ment, the load current feedback circuit 200 according to
the above-mentioned first embodiment is replaced with
avoltage-currentfeedback circuit 200G. Moreover, in this
embodiment, a variable capacitor 400 similar to that in
the above-mentioned seventh embodiment is inserted
between the inverting input terminal of the operational
amplifier 110 and the grounding wire.

[0065] The voltage-current feedback circuit 200G has
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a current detection resistor 210 and an amplification sec-
tion 220 similar to those used in the load current feedback
circuit 200 (FIG. 1). Furthermore, a variable resistor 270
is inserted between the output terminal of the amplifica-
tion section 220 and the node 133 of the filter 130. This
variable resistor 270 outputs, from its slider, the voltage
obtained by internally dividing the voltage between the
output terminal of the amplification section 220 and the
node 133 of the filter 130. The internal division ratio of
the variable resistor 270 can be adjusted by changing
the position of the slider between both the terminals of
the variable resistor 270. The output voltage at the slider
of the variable resistor 270 is fed back to the inverting
input terminal of the operational amplifier 110 via a con-
nection section 280 in which a resistor 281 and a variable
capacitor 282 are connected in series.

[0066] Inthis embodiment, both the negative feedback
ofthe output voltage for the speaker SP to the operational
amplifier 110 (hereafter simply referred to as voltage
feedback for convenience) and the negative feedback of
the load current flowing in the speaker SP to the opera-
tional amplifier 110 (hereafter simply referred to as cur-
rentfeedback for convenience) are performed by the volt-
age-current feedback circuit 200G. In the case that the
slider of the variable resistor 270 is brought close to the
terminal connected to the node 133, the feedback
amount of the voltage feedback increases and the feed-
back amount of the current feedback decreases. Con-
versely, in the case that the slider of the variable resistor
270 is brought close to the terminal to which the output
terminal of the amplification section 220 is connected,
the feedback amount of the current feedback increases
and the feedback amount of the voltage feedback de-
creases.

[0067] As described above, with this embodiment,
since the balance between the feedback amount of the
voltage feedback and the feedback amount of the current
feedback can be adjusted, an advantage of increasing
the degree of freedom in adjusting the frequency char-
acteristics of the outputimpedance of the power amplifier
is obtained.

[0068] Still further, in this embodiment, a variable re-
sistor 282 is provided in the voltage-current feedback cir-
cuit 200G and the variable capacitor 400 is inserted be-
tween the inverting input terminal of the operational am-
plifier 110 and the grounding wire. Hence, like the above-
mentioned seventh embodiment, an advantage is ob-
tained in which the frequency characteristics of the output
impedance of the class D amplification section 100 can
be easily brought close to the frequency characteristics
of the output impedance in the entire system of the trans-
former and the vacuum tube amplifier.

[0069] Thefeatures of the above-described power am-
plifier according to the embodiments of the invention will
be summarized below as respective items [1]-[6].

[1] The presentinvention provides a power amplifier:
comprising:
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a class D amplification section that includes an
input section and a switching section serving as
an output stage and switched depending on a
signal input to the input section, and that outputs
current from a power source to a load via the
switching section; and

a load current feedback circuit that negatively
feeds back the current flowing in the load to the
input section of the class D amplification section.

[0070] With the above configuration of the item [1],
since the class D amplification section is used, a loss of
the output stage of the power amplifier can be decreased.
Furthermore, since the current flowing in the load is neg-
atively fed back to the input section of the class D ampli-
fication section, a constant drive current can be supplied
to the load regardless of the frequency of a current for
driving the load.

[2] The power amplifier recited in the item [1], further
comprising:

a filter current feedback circuit that negatively
feeds back a current flowing in a filter interposed
between the output stage of the class D ampli-
fication section and the load to the input section
of the class D amplification section.

[0071] With the above configuration of the item [2], by
negatively feeding back the current flowing in the filter,
the outputimpedance of the class D amplification section
can be raised even at a high frequency and the open-
loop gain thereof can be prevented from lowering, where-
by the self-oscillation frequency of the class D amplifica-
tion section can be raised or the class D amplification
section is prevented from performing self-oscillation.

[3] The power amplifier recited in items [1] or [2],
wherein the load current feedback circuit comprises:

a negative feedback amount adjustor which ad-
justs a balance between a negative feedback
amount of the voltage for the load to be nega-
tively fed back to the input section of the class
D amplifier and a negative feedback amount of
the current flowing in the load to be negatively
fed back to the input section of the class D am-
plifier.

[4] The power amplifier recited in any one of items
[1] to [3], wherein a variable element configured to
adjust electric characteristics is included in a route
in which the signal is negatively fed back to the input
section of the class D amplification section.

[5] The power amplifier recited in any one of items
[1] to [4], wherein the class D amplification section
is a self-oscillating amplifier.
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[6] The power amplifier recited in any one of items
[1] to [4], wherein the class D amplification section
is a separately-excited oscillating amplifier.

Claims

1.

A power amplifier comprising:

a class D amplification section that includes an
input section and a switching section serving as
an output stage and switched depending on a
signal input to the input section, and that outputs
current from a power source to a load via the
switching section; and

a load current feedback circuit that negatively
feeds back the current flowing in the load to the
input section of the class D amplification section.

The power amplifier according to claim 1, further
comprising:

a filter current feedback circuit that negatively
feeds back a current flowing in afilter interposed
between the output stage of the class D ampli-
fication section and the load to the input section
of the class D amplification section.

The power amplifier according to claim 1 or 2, where-
in the load current feedback circuit comprises:

a negative feedback amount adjustor which ad-
justs a balance between a negative feedback
amount of the voltage for the load to be nega-
tively fed back to the input section of the class
D amplifier and a negative feedback amount of
the current flowing in the load to be negatively
fed back to the input section of the class D am-
plifier.

The power amplifier according to any one of claims
1 to 3, wherein a variable element configured to ad-
just electric characteristics is included in a route in
which the signal is negatively fed back to the input
section of the class D amplification section.

The power amplifier according to any one of claims
1 to 4, wherein the class D amplification section is a
self-oscillating amplifier.

The power amplifier according to any one of claims
1 to 4, wherein the class D amplification section is a
separately-excited oscillating amplifier.
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